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Some parvocellular neurons can directly and indirectly influence sympathetic nerve activity. There are parvocellular neurons in the PVN that project to regions of the spinal cord where sympathetic preganglionic motor neurons are located and thereby can directly influence sympathetic activity (7, 61, 65) . Other parvocellular subgroups project to the pressor region of the rostral ventrolateral medulla and thereby indirectly influence sympathetic nerve activity (61) . Some PVN parvocellular neurons send collaterals to both autonomic regions and therefore are capable of both direct and indirect influences on sympathetic nerve activity (61) .
Activation of the PVN can markedly alter blood pressure, sympathetic nerve activity, and hemodynamic sequelae. Excitation of the PVN with excitatory amino acids, or with bicuculline to inhibit GABA-mediated inhibition of the PVN, and thereby allowing activation of the PVN via endogenous excitatory inputs, can elicit increases or decreases in renal sympathetic nerve activity and renal blood flow (13, 27, 35) , suggesting that both sympathoinhibitory and sympathoexcitatory outflows emanate from the PVN. The functional relevance of the effects on renal sympathetic nerve activity induced by activation of the PVN includes the reflex response to volume expansion where there is strong evidence that the PVN is essential for the reflex reduction in renal sympathetic nerve activity that occurs when blood volume is elevated (26, 47, 52) . Evidence has also accumulated to show that the PVN is an important site in the regulation of renal function in heart failure and thermoregulation. This brief review focuses on these conditions and examines the recent evidence suggesting an important functional role played by the PVN in renal blood flow regulation during hyperthermia and in the regulation of renal sympathetic nerve activity in chronic heart failure.
Role of the PVN in Regulation of Renal Blood Flow Induced by Hyperthermia
Evidence that the PVN may contribute to the circulatory responses induced by a temperature challenge comes from several sources, which include the observations that the PVN contains 1) thermosensitive neurons (30); and 2) neurons that project to the spinal cord and the pressor region of the rostral ventrolateral medulla and influence sympathetic nerve activity to important thermoregulatory effector organs such as the brown adipose tissue and the vasculature of the rat tail, salivary gland, as well as kidney and gut (28, 53, 62) . Furthermore, increases in body core temperature activate neurons within the PVN, including those that project to the spinal cord and medulla (2, 6, 10) .
An increase in body core temperature elicits reflex responses designed to reduce heat production and to dissipate heat so as to restore the body core temperature back to normal. The cardiovascular responses that are evoked are important in these thermoregulatory adjustments and involve the redistribution of blood from the hot internal environment (i.e., the viscera) to regions where it can be in close contact with the cooler external environment (i.e., the skin vasculature). Thus vasoconstriction of the blood vessels supplying visceral organs, primarily the mesenteric and renal vasculature, is important in redistributing blood flow and counteracting the increase in body temperature and the potentially fatal outcome of heat stroke.
Recent studies have highlighted the essential role of the PVN in the reduction in mesenteric and renal blood flows induced by hyperthermia (9, 11) . Inhibition of neuronal function within the PVN using the GABA A agonist muscimol prevented the normal reduction in mesenteric blood flow, and the effect was specific to the PVN (11). These observations are in agreement with a report in which midbrain transections reduced the increase in splanchnic nerve activity (38) . There is a marked reduction in renal blood flow when body core temperature is elevated, and this too can be prevented when neuronal activity in the PVN is inhibited (9) . However, this contrasts with a report in which midbrain transection did not appear to affect the increase in renal sympathetic nerve activity elicited by heating (38) . The report suggested the renal vasoconstriction was primarily driven by medullary brain regions. Interestingly, the same laboratory subsequently reported that lesions of the PVN markedly attenuated the renal vasoconstriction elicited by an increased body core temperature in the coronary artery ligation model of heart failure in the rat (37) , suggesting the hypothalamic PVN plays a critical role in the renal vasoconstriction. The reasons for the contrasting findings are not clear. Perhaps, the transections used in the previous work damaged descending pathways that contribute to opposing the role of the PVN.
In studies conducted using similar protocols as described previously (9, 11) , an examination of the changes in renal and mesenteric blood flows and the respective vascular conductances elicited by an increase in body core temperature in the anesthetized rat highlights some interesting observations. In these experiments, a flow probe (Transonic Systems, Ithaca, NY) was positioned around the right renal artery or the mesenteric artery (separate animals for each organ) and body core temperature was raised at a rate of ϳ0.1°C every 2 min by using a water jacket. The first interesting point to note is that renal blood flow remains steady initially as body core temperature increases, and begins to fall when the body core temperature rises above ϳ38°C and then continues to fall dramatically (Fig. 1) . A similar change in renal vascular conductance was also observed (Fig. 1) . By contrast, mesenteric blood flow begins to fall immediately as body core temperature rises from 37°C to reach a maximum plateau by ϳ38.5°C (Fig. 1) . The reduction in mesenteric vascular conductance followed a similar profile (Fig. 1) . The second point to note is that the maximum reduction in renal blood flow peaked at approximately Ϫ50% from a resting level of 12.0 Ϯ 1.1 ml/min (Fig.   1 ). The average resting blood pressure was 110 Ϯ 4 mmHg. The maximum reduction in mesenteric blood flow peaked at approximately Ϫ20% from a resting level of 16.9 Ϯ 1.5 ml/min (Fig. 1) . In those rats, the average resting blood pressure was 105 Ϯ 4 mmHg. Blood pressures were not markedly affected in these studies.
The results suggest that as body core temperature rises, the mesenteric vasculature responds by vasoconstriction and this appears sufficient in the early stages of hyperthermia to redirect enough blood to the skin to appropriately dissipate the heat. As body core temperature continues to rise, the reduction in mesenteric blood flow peaks and renal blood flow falls dramatically in an attempt to redirect more blood to the cooler skin vasculature. Increases in body core temperature above 41°C can result in a dramatic collapse of the mesenteric vasoconstriction and the subsequent reduction in cardiac output that characterizes heat stroke (39) . This suggests that during hyperthermia, limiting the reduction in mesenteric blood flow is critical, and the decrease in renal blood flow may help by continuing to fall as body core temperature rises. Fig. 1 . Percent changes in mesenteric (n ϭ 11) and renal (n ϭ 11) blood flows and vascular conductances in response to elevations in body core temperature in urethane-anesthetized rats. Separate animals were used for the renal and mesenteric studies. The body core temperature was raised at a rate of ϳ0.1°C every 2 min by using a water jacket as described previously (9, 11) .
The efferent pathways that contribute to the PVN's involvement in the renal vasoconstriction may include the spinal projecting neurons and/or those that project to the pressor region of the rostral ventrolateral medulla (48, 61, 66) . Through these anatomic routes, the PVN can directly and indirectly influence sympathetic nerve activity. Previous studies have shown that PVN neurons are activated by elevations in body core temperature (2, 6, 10) , and ϳ22% of those activated project to the spinal cord (10) and 8% project to the rostral ventrolateral medulla (8) . These latter neurons may be a subset of the activated spinal-projecting neurons since some PVN neurons that project to the lower thoracic spinal cord, where the renal sympathetic preganglionic motor neurons are concentrated, send collaterals to the rostral ventrolateral medulla (61) . As shown in Fig. 2 , we suggest that an increase in body core temperature activates the PVN to elicit renal vasoconstriction. Influencing neuronal activity within the PVN is known to affect renal function, and activation of the PVN elicits reductions in renal blood flow primarily via the renal nerves; vasopressin makes a smaller contribution (27) . We hypothesize that the PVN neurons that project to the spinal cord and/or the rostral ventrolateral medulla contribute to the central pathways mediating the renal and mesenteric vasoconstriction elicited by hyperthermia (Fig. 2) . We acknowledge that vasopressin released from the PVN may also contribute to the visceral vasoconstriction.
The observations that the PVN is essential in the reductions in renal and mesenteric blood flows indicate that the PVN may be a critical integrative site for the cardiovascular responses elicited by hyperthermia. Additionally, magnocellular neurons could be stimulated to release vasopressin systemically, which would also help maintain blood pressure and maximize water retention. Given that the kidneys and mesentery receive a considerable proportion of the cardiac output, vasoconstriction of these vascular beds as body core temperature rises is important in maintaining blood pressure in the face of vasodilation of the large skin vasculature. Thus we hypothesize that any dysfunction within the PVN that prevents the normal vasoconstriction of the kidney and mesenteric vasculature induced by the increased body core temperature could predispose an individual to heat stroke.
The role of the PVN in the regulation of renal and mesenteric nerve activity and the respective blood flows in response to hypothermia would be expected to be the opposite to hyperthermia. This has not been investigated directly; indeed, the role of the PVN in the cardiovascular responses elicited by hypothermia is in need of considerable investigation. The PVN contains neurons that are activated by decreases in body core temperature and these, presumably, are distinct from the neurons that are activated by increases in body core temperature (6, 10) . The PVN is involved in regulation of the body's metabolism (41) , and some of the neurons in the PVN that contribute to the central pathways involved in increasing metabolic rate and energy expenditure could be activated by hypothermia. A detailed analysis of this is beyond the scope of this review.
Role of the PVN in Regulation of Renal Sympathetic Nerve Activity in Heart Failure
Heart failure is a general term used to describe a complex pathophysiological condition in which the heart is unable to pump sufficient blood to adequately meet the body's needs. Heart failure is the manifestation of ventricular dysfunction that results from disorders that include coronary heart disease, myocardial infarction, hypertension, and genetic abnormalities (29) . Symptomatic heart failure is believed to affect ϳ0.4 -2% of the general population in industrialized nations (29) . The incidence of heart failure rises markedly with age such that in the elderly population heart failure (usually congestive heart failure) affects between 3 and 5% of those aged over 65 and 10% of those over 75 (29) . Advanced heart failure has a poor prognosis and severely reduces the quality of life.
Congestive heart failure is characterized by neurohumoral activation that results in effects such as salt and fluid retention, resulting in volume expansion and an elevation in sympathetic nerve activity to the heart and kidneys (54) . There is also marked attenuation of cardiovascular reflexes including the cardiopulmonary mechanoreceptor vasomotor reflex (i.e., the reflex reduction in renal sympathetic nerve activity which normally occurs in response to increases in blood volume) and the arterial baroreceptor vasomotor reflex (54) . The restraining influences on sympathetic nerve activity of these reflexes are therefore diminished in congestive heart failure and may contribute to the elevation in sympathetic nerve activity seen in this condition. The neurohumoral activation seen in congestive heart failure can be mimicked in animal models in which chronic heart failure is induced by myocardial infarction (55) .
Sympathetic nerves to the kidney innervate the afferent and efferent arterioles, renal tubules, as well as the renin-containing juxtaglomerular granular cells, and each effector may be innervated selectively by separate nerves as well as sequentially by a single nerve fiber (14) . Thus changes in renal sympathetic nerve activity can alter renal function by influencing renal blood flow, changes in urine output, sodium excretion, renin release, and autoregulatory function of the kidney (18) . The activation of renal efferent nerves can elicit marked renal vasoconstriction, resulting in decreased renal blood flow and may alter the glomerular filtration rate, although this is dependent on the relative vasoconstriction of the afferent and efferent arterioles and indirect effects mediated by paracrine regulators (17) . Low-frequency stimulation of renal sympathetic nerves can increase renin release and reduce sodium and water excretion, and this can occur independently of measurable changes in renal blood flow and glomerular filtration rate (5, 15, 40) . Inhibition of renal sympathetic nerve activity induces the opposite effects. For example, an increase in blood volume of ϳ10 -30% reflexly induces a reduction in renal sympathetic nerve activity, increases urine flow and sodium excretion, while blood pressure and renal blood flow responses vary (12, 20, 26, 49, 51) . The renal sympathetic nerve response induced by an increase in blood volume is mediated by cardiopulmonary mechanoreceptors (4). Blood volume expansion or stimulation of cardiopulmonary mechanoreceptors using a small balloon positioned at the atriovenous junction in the conscious rat elicits activation of neurons in the PVN (36) . Activation of the PVN in anesthetized rabbits can elicit cardiovascular responses that are similar to those induced by blood volume expansion (13) , and inhibition of neuronal activity in the PVN prevents the reduction in renal sympathetic nerve activity induced by increases in blood volume (52) . Similar effects are observed in anesthetized rats (26) . The results suggest the PVN is a key central nucleus contributing to the reflex reduction in renal sympathetic nerve activity in response to blood volume expansion. In congestive heart failure and in chronic heart failure induced by myocardial infarction, this cardiopulmonary mechanoreceptor vasomotor reflex response is attenuated (1, 19, 54) . Thus the neurons in the PVN that mediate the reflex reduction in renal sympathetic nerve activity following blood volume expansion may contribute to the dysfunctional cardiopulmonary vasomotor reflex response in chronic heart failure and thereby may contribute to the elevation in renal sympathetic nerve activity observed in that condition. However, the role of the PVN in regulating renal sympathetic nerve activity in chronic heart failure is more complex. Neuronal activity in the PVN is increased in heart failure induced by myocardial infarction as shown by increased hexokinase activity and by increased numbers of neurons positively stained for Fos, a protein marker of increased neuronal activity (56, 57) . It should also be noted that the cardiac remodeling that occurs in chronic heart failure may reduce the responsiveness of the cardiopulmonary mechanoreceptors to changes in blood volume, and this may also contribute to the reduced cardiopulmonary mechanoreceptor vasomotor reflex.
Neurochemical Mediators of Altered Neuronal Activity in the PVN in Heart Failure
The neuropharmacological basis for the activation of neuronal activity in the PVN in chronic heart failure involves changes in the functional role of several known neurotransmitters and neuromodulators. Nitric oxide can tonically inhibit neurons in the PVN that are capable of regulating renal sympathetic nerve activity (63) . In heart failure induced by myocardial infarction, the effects on renal sympathetic nerve activity of nitric oxide donors and of inhibitors of nitric oxide synthase in the PVN are markedly attenuated, suggesting nitric oxide function in the PVN is blunted (58, 71) . This view is supported by findings that show the number of neurons in the PVN staining for neuronal nitric oxide synthase, the enzyme involved in the synthesis of nitric oxide, is reduced in heart failure (74) .
The effects of nitric oxide in the PVN may be mediated by the inhibitory neurotransmitter GABA, since the renal sympathoinhibitory effects of nitric oxide donors microinjected into the PVN can be prevented by the GABA A receptor antagonist bicuculline administered into the PVN (73) . The renal sympathetic nerve responses elicited by stimulation or blockade of GABA receptors are also reduced in heart failure, suggesting that the renal sympathoinhibitory actions of GABA are attenuated in chronic heart failure (72), further supporting the view that GABA may mediate the responses of nitric oxide in the PVN. Thus in chronic heart failure, the elevated renal sympathetic nerve activity observed may be due in part to the reduced ability of the inhibitory influences of nitric oxide and GABA in the PVN. The nature of the interactions between nitric oxide and GABA are not entirely clear but may involve a presynaptic effect by nitric oxide that enhances GABA's actions on PVN neurons (44) .
Attenuated inhibitory actions of nitric oxide and GABA in the PVN may allow excitatory neurotransmitters and neuromodulators to have a greater influence. Glutamate and angiotensin II are two examples whose effects in the PVN on renal sympathetic nerve activity are enhanced in chronic heart failure. Activation of NMDA receptors in the PVN elicits increases in renal sympathetic nerve activity that are greater in chronic heart failure (45) Conversely, antagonism of NMDA receptors in the PVN elicits reductions in renal sympathetic nerve activity. These responses, too, are greater in chronic heart failure than in sham controls (45) . These findings suggest that there is an enhanced influence of glutamatergic excitatory effects in the PVN in chronic heart failure. This may be due to an increased expression of NMDA receptors in the PVN and an increased glutamate release, although the latter is controversial (45, 46) .
Angiotensin II is increased in the circulation of rats in chronic heart failure induced by a myocardial infarction. This peptide is a powerful vasoconstrictor and increases mean arterial pressure via sympathetic nerve activation. Similarly, administration of angiotensin II into the lateral brain ventricles elicits pressor responses and increases in sympathetic nerve activity, although of longer duration. There is a high concentration of angiotensin II receptors in the PVN, predominantly the type I receptor, and the expression of this receptor is increased in the PVN in chronic heart failure (75) . Angiotensin II into the PVN increases renal sympathetic activity, and the effect is greater in rats with chronic heart failure compared with sham animals. Similarly, the effects on renal sympathetic nerve activity following inhibition of the angiotensin II type I receptor are also enhanced in chronic heart failure (16, 75) . Taken together, the results suggest that there is overactivity of angiotensin II function within the PVN in chronic heart failure, although the mechanisms that are responsible are not clear. A recent report has suggested that angiotensin II elicits the release of nitric oxide in the PVN, and it antagonizes the sympathoexcitatory response to angiotensin II (43) . Thus, in chronic heart failure, there is a decrease in nitrergic function, which would mean a reduction in its ability to counteract the excitatory actions of angiotensin II.
Inflammation in the PVN and Its Role in Regulating Renal Sympathetic Nerve Activity in Heart Failure
Following a myocardial infarction, there is activation of the immune system, and proinflammatory cytokines such as TNF-␣, IL-6, and IL-1␤ are increased in the heart (42) . This contributes to the increased circulating levels of the proinflammatory cytokines observed in plasma following damage to the heart. A myocardial infarction is a common cause of heart failure, and the inflammatory response that occurs after an infarction is detrimental to this condition since the plasma levels of cytokines have been shown to correlate with the degree of heart failure and increased mortality in this condition (60, 67, 68) . In addition to the elevation of proinflammatory cytokine levels in the periphery in heart failure, there is evidence now emerging to suggest that they are also increased in the hypothalamic PVN (21, 24) . Following a myocardial infarction, the increase in cytokine levels occurs within 24 h and they are elevated at the time heart failure is established, ϳ6 -8 wk after an infarction in the rat (24) . This suggests that the cytokines may remain elevated during the development of heart failure, but this remains to be determined. The increased level of cytokines in the hypothalamus involves local production since mRNA levels of proinflammatory cytokines are elevated within the hypothalamic PVN (24) .
Microinjection of proinflammatory cytokines, e.g., TNF-␣, into the PVN elicits increases in renal sympathetic nerve activity (21, 32) , most likely through the activation of PVN neurons that project to the spinal cord and the rostral ventrolateral medulla. It has been shown that TNF-␣ increased PVN neuronal activity via a PGE 2 -dependent mechanism (34) . Similarly, IL-1␤ increased the activity of identified preautonomic parvocellular PVN neurons by a PGE 2 -dependent mechanism and involved attenuating GABAergic input (23) . These sympathoexcitatory effects of proinflammatory cytokines may contribute to the abnormally elevated renal sympathetic nerve activity seen in heart failure.
The actions of TNF-␣ involves different intracellular signaling pathways, including NF-B, P38-MAPK, and JNK. In the PVN of rats with heart failure induced by myocardial infarction, mRNA for NF-B is increased (70) . Intravenous and intracerebroventricular administration of etanercept, an antagonist of TNF-␣ receptors, to rats in heart failure attenuated the increases in proinflammatory cytokines, and the increase in mRNA for NF-B within the PVN and also reduced renal sympathetic nerve activity (31, 34) . Together, the results suggest that activation of NF-B by TNF-␣ within the PVN may be an important contributor to the mechanisms ultimately responsible for the activation of neuronal activity in the PVN and the elevated renal sympathetic nerve activity seen in heart failure induced by myocardial infarction.
In heart failure induced by myocardial infarction, reactive oxygen species in the PVN may also play a role in the elevated renal sympathetic nerve activity observed in heart failure. The mRNA for NADPH oxidase isoforms 1, 2, and 4, the enzymes responsible for the generation of superoxide, have been found to be elevated in heart failure, concomitant with the increase in renal sympathetic nerve activity (25) . Pentoxifylline, an inhibitor of phosphodiesterase and of the actions of TNF-␣, administered systemically attenuated the increases in reactive oxygen species, NADPH oxidase, and attenuated the elevation in renal sympathetic nerve activity normally observed in heart failure induced by myocardial infarction (25) . Scavengers of superoxide microinjected into the lateral brain ventricle elicits similar effects to peripherally administered pentoxifylline (32) , which supports the suggestion that the increased levels of reactive oxygen species in heart failure may play a role in the elevated renal sympathetic nerve activity observed.
Proinflammatory cytokines, such as TNF-␣ and IL-1␤, induce the production of reactive oxygen species, raising the possibility that reactive oxygen species may mediate some of the inflammatory action of TNF-␣ and IL-1␤ in the PVN in heart failure induced by myocardial infarction. The observation that administration of an antagonist of NF-B into the lateral brain ventricles of rats with heart failure attenuates the increase in NADPH oxidase supports this (32) . Although it should be noted that central administration of tempol, the superoxide scavenging agent, resulted in similar observations and also reduced the levels of proinflammatory cytokines in the hypothalamus of rats with heart failure, suggesting that interrupting the inflammatory process in the hypothalamus at an intermediary step may result in downregulation of all intermediaries (32) .
Angiotensin II is proinflammatory and increases cytokines such as TNF-␣ and IL-1␤ in the plasma and induces the production of reactive oxygen species. Following myocardial infarction, angiotensin contributes to cardiac remodeling and hypertrophy, an action that involves the production of TNF-␣ (50). Circulating angiotensin II can also influence central inflammatory processes. Recent observations have shown that in the PVN the levels of cytokines, NF-B, reactive oxygen species, and NADPH oxidase Fig. 3 . Schema summarizing the potential mechanisms that contribute to an increase in neuronal activity in the hypothalamic PVN and an elevation in RSNA in heart failure. The actions of excitatory neurotransmitters such as ANG II and glutamate (Glut) are enhanced while the inhibitory influences of GABA and nitric oxide (NO) are reduced. There is also an increase in proinflammatory cytrokines such as TNF-␣ and IL-1␤. The actions of these may involve PGE2, the transcription factor NF-B, and reactive oxygen species (ROS). These can act to further promote the inflammatory process. PGE2 may also contribute to the reduced GABA function. ANG II may act directly to increase neuronal activity as well as acting to increase proinflammatory cytokines.
are increased by intravenous infusion of angiotensin II (33) . These effects are centrally mediated since they are attenuated by the angiotensin II receptor antagonist losartan administered into the lateral brain ventricle (33) . Furthermore, tempol and antagonism of NF-B in the brain had similar effects, suggesting that reactive oxygen species and NF-B contribute to the inflammatory process in the PVN induced by angiotensin II (33) . Whether this occurs in heart failure is not known; however, there is a high concentration of angiotensin II receptors in the PVN, and this is increased in rats with heart failure induced by myocardial infarction (69) . Furthermore, intracerebroventricular losartan reduced renal sympathetic nerve activity more in heart failure rats compared with the responses in sham animals and also restored toward normal the reflex renal sympathetic nerve responses elicited by stimulation of arterial baroreceptors and the cardiac sympathetic afferents (16, 69) .
In conclusion, the hypothalamic PVN is an important regulator of renal sympathetic nerve activity and renal blood flow in response to disturbances in body temperature and in conditions in which body fluid and electrolyte homeostasis is disturbed such as in heart failure. The PVN is a key integrative region in the brain since it is able to integrate sympathetic as well as hormonal regulation of renal function. In regulating the renal cardiovascular responses elicited by hyperthermia, the PVN appears to be a critical central nervous system nucleus, and we hypothesize that dysfunction in this region could have important consequences for the susceptibility to heat stroke. In heart failure, there is an elevation in renal sympathetic nerve activity and the neuronal activity in the PVN is increased. As shown in Fig. 3 , emerging evidence suggests that proinflammatory cytokines produced locally within the PVN play a role. The mechanisms contributing to cytokine activation of renal sympathetic nerve activity mediated through the PVN are likely to involve a PGE 2 -dependent inhibition of GABAergic neurons in the hypothalamus that results in disinhibition of neurons in the PVN that influence renal sympathetic nerve activity. The intracellular transduction pathways utilized include NF-B. Angiotensin II acting locally within the PVN may also contribute to the increase in renal sympathetic nerve activity in heart failure, and this may be mediated, in part, by proinflammatory cytokines and reactive oxygen species. The issue of whether inflammation within the PVN is a key factor in the induction of elevated renal sympathetic nerve activity in heart failure induced by myocardial infarction is yet to be answered.
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